High-performance liquid chromatographic (HPLC) analyses of amino acids, a so-called amino-acid analyzer based on the classical cation-exchange chromatography, 1,2 are essential for routine work in biological, biomedical, and clinical research laboratories. The modern cation-exchange HPLC is established by using a high-resolution cation-exchange column of highcapacity in mequiv./mL order of magnitude, with several buffer eluents (often with citrate buffers) at higher concentrations (often 0.2 M). The delivery of the eluent must be controlled by means of a complex gradient program, including parameters, such as pH, ionic strength, and temperature. Although such specialized amino-acid analyzers, commercially available from several manufacturers, can provide excellent performance for separations, they are usually expensive and seem to be unsuitable for general use. An alternate way to analyze amino acids based on anion-exchange chromatography has recently been proposed. 3, 4 The separations have been good and satisfactory, but requiring an established instrument with a complex ternary gradient elution program.
Introduction
High-performance liquid chromatographic (HPLC) analyses of amino acids, a so-called amino-acid analyzer based on the classical cation-exchange chromatography, 1,2 are essential for routine work in biological, biomedical, and clinical research laboratories. The modern cation-exchange HPLC is established by using a high-resolution cation-exchange column of highcapacity in mequiv./mL order of magnitude, with several buffer eluents (often with citrate buffers) at higher concentrations (often 0.2 M). The delivery of the eluent must be controlled by means of a complex gradient program, including parameters, such as pH, ionic strength, and temperature. Although such specialized amino-acid analyzers, commercially available from several manufacturers, can provide excellent performance for separations, they are usually expensive and seem to be unsuitable for general use. An alternate way to analyze amino acids based on anion-exchange chromatography has recently been proposed. 3, 4 The separations have been good and satisfactory, but requiring an established instrument with a complex ternary gradient elution program.
Ion-pair chromatography techniques by the usual HPLC systems have also been proposed by several researchers, 5, 6 but they have not yet found general acceptance.
On the other hand, low-capacity cation-exchange separations of amino acids have been proposed, 7, 8 using a conventional HPLC instrument with an acid eluent of lower ionic strength, which can permit the use of UV detection alternative to fluorescent detection. Such a simplified amino-acid separation system can reduce the analytical costs. In our previous work, 7 a low-capacity cation-exchange resin, pellicularly sulfonated polystyrene-divinylbenzene (PS-DVB) resin of 4% crosslinkage, provided by courtesy of a manufacturer as a trial product, was successfully used for the separation of amino acids. The cation exchanger used has shown good selectivity for amino acids, but has given poor resolutions because of the larger resin diameter (11 µm in average) and the lower crosslinkage, leading to low column efficiency.
In general, concentrated sulfuric acid is often used to sulfonate a PS-DVB base polymer. However, it seems to be difficult to control the ion-exchange capacity, especially in µequiv./mL levels. In addition, because the sizes of the base polymers used in several studies [9] [10] [11] [12] have been relatively large, exceeding 10 µm in diameter, it seems difficult to obtain highefficiency columns for amino-acid separations.
Recently, sulfoacylated 13 macroreticular PS-DVB resins have been successfully used for the separation of multivalent metal cations, 14 in which size-exclusion beads of hypercrosslinked 5-µm polymers have been functionalized to an ion-exchange capacity of around 0.4 mequiv./mL. This kind of cationexchange resin was considered to be acceptable for the separation of amino acids, but the capacity was too large compared to those successfully used in our previous work. 7 Seubert and Klingenberg 13 have mentioned in their paper that the capacity is controllable by adjusting the degree of the acylation reaction. Based on this, we have succeeded in synthesizing low-capacity (22 -67 µequiv./mL) cationexchange resins 15 by sulfoacylating a macroreticular PS-DVB of hypercrosslinkage.
As reported in our previous paper, 15 the new materials have shown good selectivity for amino acids under several isocratic eluting conditions with phosphate buffers. Such isocratic studies were very helpful to construct the pH-gradient conditions to separate proteinic amino acids in this work. This paper presents a versatile low-capacity cation-exchange chromatography system for the separation of amino acids, using a general-purpose HPLC system, without any expensive specialized instruments. In addition, several application data for the screening of inborn errors of amino-acid metabolism, such as phenylketonuria, are also presented.
Experimental

Chemicals and materials
L-Amino acids and glycine were purchased from Sigma (St. Louis, MO) as a proteinic standard kit. Acetonitrile and ethanol of HPLC grade; phosphoric acid, o-phthalaldehyde (OPA), and 2-mercaptoethanol of biochemistry grade; sodium hydroxide and boric acid of amino-acid analyzer grade; polyoxyethylene(23)laurylether (corresponding to Brij ® 35) of analytical grade; and disodium hydrogenphosphate of guaranteed grade were purchased from Wako (Osaka, Japan). Deionized water obtained through an Organo (Tokyo, Japan) G-10 mixed-bed ion-exchange cartridge with a charcoal filter was further purified by passing through a Nihon Millipore (Tokyo, Japan) Milli-Q Labo water purification system just before use.
Several kinds of Tosoh (Tokyo, Japan) TSKgel G1000HHR (brand name) resins for gel permeation chromatography (GPC) (particle size, 5 µm; pore diameter, 1.5 nm; exclusion molecular mass, 1 × 10 3 ; cross-linking, very high) were furnished by courtesy of Tosoh Corp.
Functionalization
Although the modified sulfoacylation procedure for highly cross-linked PS-DVB has been described in our previous paper, 15 an outline is presented here again. After 2 g of PS-DVB polymer was suspended in 25 mL of CH2Cl2, a 0.2 mL of ClCH2CH2COCl (2.08 mmol) was added to the suspension, the mixture was stirred for 15 min at room temperature. Subsequently Friedel-Crafts acylation was carried out by adding 0.277 g of anhydrous AlCl3 (2.08 mmol) to the mixture, and then left standing for 10 min at room temperature. The reaction was stopped by adding 100 mL of THF. The resultant polymer was filtered through a hydrophilic PTFE membrane filter (0.5 µm pore, 45 mm circle, Advantec, Tokyo, Japan) under an aspirating pressure, and was then washed by shaking for 1 h each with 1/1 (v/v) THF/H2O, 2 M HCl, H2O, and CH3OH in order. The acylated polymer was suspended in a mixture of 15 mL (CH3)2S and 20 mL CH3OH, and the suspension was stirred gently for 12 h at room temperature. The polymer was filtered off and washed several times with methanol. The resultant sulfoniumed polymer was suspended in 100 mL of 1 M Na2SO3 and stirred for 24 h over a water bath at 80˚C. The desired sulfoacylated polymer was filtered off and washed sufficiently with water, and then with methanol, and was allowed to dry at room temperature.
Analytical column
The analytical column (4.6 mm i.d. × 150 mm stainless-steel, 2.49 ml in volume) was prepared in our laboratory by packing with each sulfonated polymer by means of a slurry packing technique. 15 The self-packed columns obtained from the starting materials of TSKgel G1000HHR are referred to as TMR-A/nn, where "nn" denotes the ion-exchange capacity per column (numerical µ-equivalent), in this paper.
The cation-exchange capacity, determined as described in our previous paper, 15 of each column prepared this time is listed in Table 1 . Among these, the column TMR-A/76 was used for an optimization study because of the highest resolution for separation.
Instrumentation
The HPLC system consisted of a Shimadzu (Kyoto, Japan) DGU-14A solvent degasser, two Shimadzu LC-9A pumps (LC-10A compatible) with a high-pressure solvent mixer for two liquids, a modified Toyo (Tokyo, Japan) FI-45 incubator as a column oven equipped with a Rheodyne (Cotati, CA) Model 7125 syringe-loading sample injector with a 100 µL sample loop, and a Waters (Milford, MA) 474 scanning fluorescence detector.
A Tosoh CO-8000 column oven as a reaction chamber and a Hitachi (Tokyo, Japan) L-7110 pump for delivery of a reaction mixture were used for postcolumn fluorescence derivatization. A stainless-steel tubing of 2 m × 0.5 mm i.d. was used as a reaction coil.
The analog output signals from the detector were digitized via an Advantest (Tokyo, Japan) R6441A digital multimeter, and were recorded through an RS232C interface by a DELL Japan (Kawasaki, Japan) Dimension XPS D233 personal computer with a self-made data acquisition program written with Visual BASIC working under MS-DOS environments. A set of chromatographic data (stored as txt file) was then processed and visualized with a self-made program working under MicrosoftWindows environments, or was transferred to a Microsoft-Excel (as csv file) to draw chromatograms.
Chromatography
(A) 20 mM H3PO4 (pH 2.1) and (B) 20 mM Na2HPO4 containing 20%(v/v) CH3CN (pH 8.6) were prepared for the binary gradient elution system. The A/B mixing ratio was controlled by programming B-% from the delivery pump of solvent (A).
From the various step-gradient programs examined, those finally acceptable for the separation were 0→7 min, A/B = 100/0; 7→25 min, A/B = 55/45; 25→50 min, A/B = 45/55; 50→70 min, A/B = 100/0.
A postcolumn OPA-derivatization mixture was prepared by dissolving 0.2 g of OPA, 10 mL of ethanol, 1 mL of 2-mercaptoethanol, 4.2 g of NaOH, 6.2 g of H3BO3, and 9 mL of 10%(w/w) Brij ® 35 into water (finally adjusted to 1.0 L), which was stored at 5˚C. The mixture was used up within a week, with blocking out the light.
The flow rates of the mobile phase and the postcolumn derivatization mixture were 0.6 mL/min and 0.3 mL/min, 15 respectively. The temperatures of the column oven and the reaction chamber were 40˚C and 70˚C, respectively. The excitation and emission wavelengths of the detector were set at 340 and 430 nm, respectively. The injection volume was 20 or 50 µL through experiments.
Results and Discussion
Column temperature and flow rate
The column temperature was naturally a parameter of the separation. Asp and Lys showed a temperature dependence rather than other amino acids. Asp and Gly were separated at 30˚C, but completely overlapped at 50˚C. Contrary to this, Lys and Arg were overlapped at 30˚C, but were separated at 40˚C. This seems to be mainly due to the change in the degree of dissociation (pK or pI) of the two amino acids by the change in the surrounding temperature. An acceptable separation was obtained at 40˚C of the column temperature. Because the flow rates of the eluent also affected the chromatographic resolutions for amino acids, several different flow rates at 1.0, 0.9, 0.8, 0.7, 0.6, and 0.5 mL/min were studied under the same gradient condition, with a constant flow rate of the postcolumn derivatization mixture at 0.5 mL/min. The slower flow rate of the eluent could clearly give sharper chromatographic peaks for all amino acids, although the separation time should be somewhat longer, of course. In cases at 1.0 mL/min, although all amino acids (from Ser through Trp) were eluted within 40 min, their peaks were somewhat broadened, and the resolution was thus unacceptable. The peak sharpness and the peak resolution were improved according to a decrease in the flow rate. In the cases of both flow rates at 0.6 and 0.5 mL/min, practically the best resolution and sensitivity were obtained, requiring separation times of approximately 53 and 60 min, respectively. Since the chromatographic patterns were almost the same, 0.6 mL/min was chosen as the flow rate in consideration of the finishing times.
The flow rate of the postcolumn derivatization mixture was fixed to 0.3 mL/min, considering the fact that no peak broadening and no decrease in the sensitivity were observed in the range between 0.5 and 0.15 mL/min.
Gradient program
A 20 mM H3PO4 was adequate as a solvent (A) for separating hydrophilic Ser, Asp, Gly, Thr, Ala, Glu, and Pro, providing a good separation on the order within 15 min, as previously reported. 15 This eluting order was different from those observed in chromatograms from a cation-exchange amino-acid analyzer, probably due to the difference in ion-exchange capacity (relating to the resin hydrophobisity) and/or selectivity (owing to macroreticular or gel type resin). Sodium ion was used as the eluting ion at neutral or weakly acidic pH to elute basic amino acids, such as Lys and Arg. But in addition to this, 10%(v/v) or more of acetonitrile, rather than methanol, was needed to elute hydrophobic amino acids, such as Trp, within a practical retention time. Considering the several isocratic elution results, 15 20 mM Na2HPO4 containing 20%(v/v) CH3CN was found to be adequate as a solvent (B).
The step gradient program was optimized using the abovementioned two solvents. First, we found that elution with 100% (A) from 0 through 7 min was necessary to separate the seven hydrophilic amino acids. After 7 min, both the pH gradient and the organic gradient were required for the subsequent separation of hydrophobic-neutral amino acids, i.e., Val, Met, Ile, Leu, Tyr, and Phe, which was established by programming the A/B ratios between 60/40 and 40/60.
Resulting from many optimization studies, an acceptable chromatogram of 16 standard amino acids, using the TMR-A/76 column, was obtained, as shown in Fig. 1 . This well-balanced separation was achieved by an improved gradient program, that is, 0→7 min, A/B = 100/0; 7→25 min, A/B = 55/45; 25→50 min, A/B = 45/55, as described in the Experimental section. Since the third program step could be stopped at 50 min, or slightly earlier (at 45 min), and the subsequent 20 min was needed for reconditioning the column by 100%-A, the cycle time should finally reach about 70 min.
The system peak around 19 min is due to the change in the eluting ion by the program step at 7 min, that is from H + form to Na + form, which is consistent with the cation-exchange capacity versus the eluent cation concentration. In addition, this stepping time could change the retention time of the system peak, and simultaneously affect the chromatographic window between Glu and Val. The eluent change at 7 min was probably the best choice.
Reproducibility and quantification
The reproducibility of the retention time of each amino acid was excellent with the relative standard deviation (RSD) between 0.10 and 0.68% (n = 5 each). The postcolumn fluorescent detection and determination were very quantitative. Both the peak area and the height intensities, when injecting 20 µL × 10 µM each, were also reproducible with RSDs (n = 5) between 0.86% (Lys) and 5.33% (Glu); and between 1.17% (Met) and 5.74% (Glu), respectively. Both values for Glu were relatively poor. This is probably due to the estimation that the post-column reactability of Glu may be gradually decreased as time passes for some reason; but, this is not due to a chromatographic problem.
The relationships between the concentrations and the detector responses were linear from 0.1 to 10 µM by 20 µL injections. The correlation coefficients (r 2 ) of the regression lines for all analyte amino acids were between 0.9990 and 0.9999, calculated by the peak-height intensities; and between 0.9991 and 1.0000 by the peak-area intensities. The results were very satisfactory.
Example of application
The developed amino-acid chromatography system was applied to the screening of phenylketonuria (PKU), a wellknown inherited metabolic disease, using a patient's urine preliminary treated through a cation-exchange preparative column chromatography. 7 Figure 2 shows a chromatogram of an amino acid fraction from urine of a healthy newborn. Several urinary amino acids were precisely identified by their retention times. The intense peak at 24 min seems to be β-aminoisobutyric acid, a relatively abundant normal metabolite in urine. Ser and Gly are also abundant constituents. The peak of Phe, diagnostic amino acid for PKU, was very small. In contrast, a chromatogram for a patient with PKU exhibited an intense peak of Phe, as shown in Fig. 3 . The significant difference in the Phe concentration between normal and diseased urine was easily observed. Further quantification studies concerning the urinary metabolites due to inborn errors of metabolism are now underway, and will be presented in due course. 
Prospective improvements
Although the separation between Ser and Gly is relatively poor at present, we consider that this problem will be solved by preparing a higher efficiency column than those used in this work, or by optimizing several unexplored parameters, such as the eluting ion, initial pH, eluent concentration, or temperature programming. Similarly, it is difficult to separate Asn and Gln from other hydrophilic amino acids at present, but they are excludable from the analytes in general. Although proline should be eluted for around 18 min, it is only little detectable through the present postcolumn reaction, as is well known. Since cysteine is unstable in an aqueous matrix, this amino acid was not considered this time. If present, it can probably appear between Glu and Pro based on our earlier experience.
Conclusion
A sulfoacylated macro-porous polystyrene-divinylbenzene lowcapacity cation exchanger was very selective for amino-acid cations, and could provide excellent separation of standard amino acids using a general-use HPLC system with a simple binary high-pressure gradient elution. Since the base polymer is very rigid because of ultra-high crosslinkage, the column efficiency is relatively high over 5000 plates per column. In addition, the developed analytical columns of low cationexchange capacity allow using a low-concentration eluent of mmol/L order of magnitude, which can permit the use of UV detection. Since the chromatography system is very simple and versatile, it is easy to change the eluent delivery scheme from gradient to isocratic, or vice versa, according to the purpose of analysis or to the specificity in the analytes. For example, the system is applicable to the simultaneous determination of UVactive urinary creatinine and aromatic amino acids, the results of which will appear elsewhere.
Since the developed amino-acid chromatography system only requires a conventional gradient HPLC system, the instrumental cost is very low compared with the case of introducing an amino-acid analyzer on the market. Such a general-purpose amino-acid chromatography system will make great contributions to various application fields. ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 
